Here we describe a new species of the genus Streptococcus that was isolated from a dairy cow with mastitis in New Zealand. Strain NZ1587
The genus Streptococcus comprises a large number of commensal and pathogenic Gram-positive bacteria that are facultatively anaerobic, catalase-negative, coccus-shaped and arranged in chains or pairs. The taxonomy of the Streptococcus genus is mainly derived from morphological, biochemical and serological analysis. Recent advances in moleculartyping led to an expansion of the number of streptococcal species and enabled a detailed analysis of the evolution and taxonomy of the genus [1] . Members of the genus Streptococcus, i.e. S. uberis, S. dysgalactiae and S. agalactiae, are associated with mammary gland inflammation (mastitis) in dairy cattle. Despite the implementation of control strategies, bovine mastitis is responsible for large economic losses by reducing milk yield and quality as well as necessitating antibiotic treatment [2, 3] .
As part of a clinical mastitis treatment study involving 268 cows in 5 herds (305 quarters) in the Waikato region of New Zealand, milk samples (~5 ml) were collected following scrubbing of the teat end with cotton wool swabs moistened in 70 % ethanol and discard of the first three strips of milk. Sub-samples (10 µl) of milk were streaked onto a quarter of a Columbia blood agar plate (5 % defibrinated sheep blood) (Oxoid) supplemented with 0.1 % aesculin and incubated for 48 h at 37 C. Isolates that were Grampositive, catalase negative, failed to grow in 6.5 % sodium chloride and Streptococcus faecalis (SF) broths, negative in the CAMP test [4] and defined as S. uberis upon matrix assisted laser desorption/ionization -time of flight) mass spectrometry (MALDI-TOF) analysis (Bruker) were then subject to whole genome sequencing (WGS). The bacterial samples were prepared for MALDI-TOF analysis using an ethanol/formic acid extraction method and a score !2 was used for identification to species level [5] . Of note, isolate (NZ1587 T ) did not show a score of !2 with S. uberis. The scores observed for strain NZ1587 T (repeated 6 times) were between 1.7-2 [5] , therefore only allowing typing to the genus Streptococcus.
For isolation of genomic DNA, a single colony from a pure culture grown on Columbia blood agar plates (5 % defibrinated sheep blood) or Blood agar2 plates (5 % defibrinated horse blood) (Oxoid) was sub-cultured in Tryptone Soy Broth for 48 h, and harvested by centrifugation. Genomic DNA was isolated using the MasterPure Gram-positive DNA purification kit (Epicentre). Illumina library preparation was carried out as described by [6] and HiSeq sequencing was carried out following the manufacturer's standard protocols (Illumina; 125 bp paired-end). Genome assemblies were generated using the Wellcome Trust Sanger Institute's assembly pipeline [7] and annotated using Prokka [8] . Analysis of 16S rRNA gene sequences extracted from the genome sequences confirmed that 303 out of 304 isolates were S. uberis. The majority of these isolates (68 %) had a 16S rRNA sequence identical to S. uberis O140J and single nucleotide polymorphisms (SNPs) were only observed at 3 positions. However, there were 33 SNPs in the 16S rRNA sequence of NZ1587 T compared to the 16S rRNA of S. uberis O140J. Initial BLAST analysis of the full-length 16S rRNA gene sequence of NZ1587
T against the NCBI 16S rRNA gene and GreenGenes (version of August 2013) did not yield an exact match, indicating that isolate NZ1587
T possessed a unique 16S rRNA gene. The best BLAST hit in the NCBI 16S rRNA gene database was with Streptococcus iniae ATCC 29178 (98.2 % identity), and the best hit in the GreenGenes database was with accession number 4485108, which was annotated as Streptococcus sp. (98.4 % identity).
Isolate NZ1587
T came from cow 335; a 3 year old purebred Jersey cow, diagnosed with clinical mastitis on the day of calving (2nd of August 2012). Grossly evident clots were present in the milk, the California Mastitis Test (a test for the presence of inflammatory cells in the milk) score was 2 [9] , and the rectal temperature was 37.2 C. The infection responded to b-lactam therapy, as indicated by culture negative results at 14 and 21 days post treatment. Despite differences at the 16S rRNA gene level, morphologically, strain NZ1587
T was found to be very similar to S. uberis; nonmotile cocci were arranged in chains and on Columbia blood agar (5 % defibrinated sheep blood) or Blood agar2 (5 % defibrinated horse blood) (Oxoid), the colonies were small (~1 mm), circular, and translucent with no apparent haemolysis (g-haemolysis) (Fig. 1a, b) .
To delineate the taxonomic position of strain NZ1587
T , we used a combination of 16S rRNA gene and genome-based comparative analyses. For this, we used related streptococcal species for which genome sequences were available via NCBI; representative strains with high quality genome assemblies were preferentially chosen. All streptococcal genomes included in our analyses were re-annotated using Prokka v1.5.2 [8] . For the streptococcal species for which no genome was available, the 16S rRNA sequence of a type strain was included.
The 16S rRNA sequences were extracted from the Prokka annotations and trimmed before aligning them using MAFFT [10] ; the length of the alignment was 1267 bp. Maximum Likelihood (ML) phylogeny was reconstructed in RaxML v8.2.9, with GTRCAT approximation and automatic bootstrapping (autoMRE) using rapid bootstrapping mode [11] , and visualised in FigTree v1.4.2. Although strain NZ1587
T appeared to form a distinct branch when compared to other related streptococcal species (Fig. 1) , the bootstrap support for the branch was only 33 %. This suggests that 16S rRNA phylogeny lacked the resolution to determine the taxonomic position of strain NZ1587
T . The most closely related species based on 16S rRNA identity was S. pseudoporcinus, with strains SS-607 and SS-662 (isolated from certified milk; ATCC 12391) showing 99.4 % identity. In line with previous findings by Shewmaker et al. S. pseudoporcinus SS-607 and SS-662 were distinct from other S. pseudoporcinus isolates [12] . The other S. pseudoporcinus strains included in our analysis only displayed 98.1 % identity at the 16S rRNA level. Using a stringent species cut-off of 98.7 to 99 % 16S rRNA gene identity [13] strain NZ1587
T might have been classified as S. pseudoporcinus. However, in contrast to known S. pseudoporcinus strains [14, 15] , including strains SS-607 and SS-662, NZ1587
T was not haemolytic.
To investigate if strain NZ1587 T belongs to the species S. pseudoporcinus or represents a novel species, several genome phylogenetic and comparative analyses were performed, including core genome phylogeny, average nucleotide identity (ANI) and inferred DNA-DNA hybridization (DDH). The NZ1587
T genome assembled into eight contigs totalling 2 075 034 bp with a G+C content of 37.3 %, and contained a total of 2052 coding sequences (CDSs). The Illumina sequence read data (~138 fold coverage) is deposited in the European Nucleotide Archive (ENA) with the run accession number ERR1063785. The genome assembly of NZ1587
T is available via GenBank accession number LZDD00000000. For a comprehensive analysis, we determined the genome sequences for the most closely related S. pseudoporcinus isolates SS-607 and SS-662, and for S. porcinus SS-841. For this, the genomic DNA was sheared with a M220 focused-ultrasonicator (Covaris) and sequencing libraries were prepared with the NEBNext Ultra II DNA library prep kit (New England Biolabs). Libraries were sequenced on the MiSeq platform (250 bp paired-end). Illumina read data (~600 fold coverage) is available via ENA study PRJEB16023 and genome assemblies are available via GCA_900102825.1 (S. pseudoporcinus SS-607), NZ_FMWH01000000 (S.
pseudoporcinus SS-662), and AEUU02000001.1 (S. porcinus SS-841).
Core genome phylogenetic analysis was performed in Roary [16] using the Prokka annotation [8] ; an 80 % nucleotide identity cut-off was applied for inclusion in the core genome. A total of 298 genes were core to the streptococcal species included in the analysis. The MAFFT [10] core genome alignment was used for ML phylogeny in RAxML. Strain NZ1587
T grouped amongst 'pyogenic' streptococcal species and formed a distinct branch supported by a 100 % bootstrap value (Fig. 2) . Core genome phylogeny revealed that strain NZ1587 T is distinct from the other streptococci, including S. pseudoporcinus strains SS-607 and SS-662, despite the 99.4 % identity observed at the 16S rRNA level.
In addition to core genome phylogeny, the genetic relatedness of NZ1587
T to other streptococcal genomes was investigated through pairwise average nucleotide identity (ANI) . The 16S rRNA gene sequence that could be extracted from the genome sequence of S. hongkongensis strain CAIM 1895 was truncated from the 5' end and inclusion of this sequence would require substantial trimming of the other streptococcal sequences included in this analysis. Therefore, we have included the 16S rRNA gene sequence from S. hongkongensis HKU30 T [24] . For the streptococcal species for which no genome sequence was available for a type strain, the 16S rRNA sequences available from GenBank were included (indicated with an asterisk). The length of trimmed 16S rRNA sequences included in the alignment was 1267 bp. Our analysis revealed that the 16S rRNA gene sequence of S. hongkongensis HKU30 T was identical to that of S. uberis CAIM 1894 (in GenBank this strain is referred to as the non-validated species S. penaeicida), indicating that S. uberis strain CAIM 1894 may belong to the species S. hongkongensis [24] . The tree was rooted using S. mitis B6 as an outgroup. Branch labels indicate percentage bootstrap values and only branches supported by bootstrap percentages of over 70 % are displayed. Bar represents 0.03 substitutions per nucleotide position.
de Vries et al., Int J Syst Evol Microbiol 2018;68: [21] [22] [23] [24] [25] [26] [27] BLAST analysis in JSpeciesWS [17] and Genome-to-Genome distance based on BLAST+ genome distance phylogeny (available at http://ggdc.dsmz.de; using the sum of all identities found in high-scoring partitions (HSPs) divided by overall HSP length) [18] , the latter serving as an in silico alternative to DNA-DNA hybridisation (DDH) ( Table 1) . With 77.5 % ANI, S. porcinus Jelinkova 176 was the closest relative of strain NZ1587
T . Therefore, according to the generally accepted ANI species cut-off of >94 % [19] , NZ1587 T may be considered to be a newly identified species. The S. pseudoporcinus strains SS-602 and SS-607 showed ANI values of 77.1 and 77.2 % identity, revealing that, despite the 99.4 % identity at the 16S rRNA gene level, NZ1587 T should not be classified as S. pseudoporcinus. The four S. pseudoporcinus genomes had 94 % ANI values to each other, as did the two S. porcinus. The highest inferred DDH (21 %) was between strain NZ1587 T and S. porcinus Jelinkova 176, and between S. pseudoporcinus LQ-940-04 T , and S. uberis O140J, and S. iniae SF1 (Table 1) . Using the accepted DDH species cut-off of 70 % DDH [20] , this analysis also warrants classification of NZ1587 T as a novel species. Interestingly, as previously reported for Aeromonas salmonicida and Aeromonas hydrophila [21] , NZ1587
T represents another example of a species that shares >99 % identity at the 16S rRNA level with a different species. In conclusion, core genome phylogeny, ANI and inferred DDH support the classification of NZ1587
T as a Fig. 2 . Maximum likelihood phylogeny inferred from a core genome comparative analysis of S. bovimastitidis sp. nov. strain NZ1587 T and streptococcal species for which complete genome sequences were available. The black bar on the right of the figure represents the species that were included in additional whole genome comparative analyses ( Table 1) . The tree displayed is unrooted and branch labels indicate percentage bootstrap values. The scale bar represents 0.06 substitutions per nucleotide position. This analysis also revealed that the S. hongkongensis strain CAIM 1895 (not strain HKU30 T ), the only strain of the S. hongkongensis species for which a whole genome sequence was available, is mostly likely incorrectly assigned to the species S. hongkongensis, but probably belongs to the species S. uberis. This was confirmed when its core genome was compared to 13 other S. uberis strains (data not shown). In addition, the GenBank description of S. uberis CAIM 1894 reports the non-published species name S. penaeicida, however 16S rRNA analysis indicated that it belongs to the species S. hongkongensis (Fig. 1). de novel streptococcal species. We propose the name Streptococcus bovimastitidis sp. nov. to describe this novel species.
Phenotypic characterization of NZ1587
T was performed using laboratory tests that are routinely used in the identification of streptococci from bovine samples. Firstly, NZ1587
T was aesculin positive by visual appearance, i.e. greening around the colony on plates containing aesculin, and was negative in the CAMP test. Lack of haemolysis on either Columbia blood agar (5 % defibrinated sheep blood) or Blood agar2 (5 % defibrinated horse blood) (Oxoid), differentiated strain NZ1587
T from S. porcinus and S. pseudoporcinus, which are both b-haemolytic [14, 15] . NZ1587 T was catalase and coagulase negative, and did not grow in broth containing 6.5 % NaCl. In comparison, most isolates of S. porcinus are able to grow in the presence of 6.5 % NaCl, whereas most S. pseudoporcinus and S. uberis isolates are reported to lack this capacity [12, 15, 22] . Strain NZ1587 T was screened for the presence of Lancefield carbohydrates using grouping sera A-D, F and G (Oxoid); no agglutination was observed. A comparative analysis was performed using the rapid ID 32 strep test (bioM erieux) [22, 23] according to manufacturer's instructions; type strains of S. pseudoporcinus, S. porcinus, S. uberis, S. parauberis and S. iniae were included in this analysis, each isolate was tested six times (Table 2) . Using the rapid ID 32 strep test, NZ1587
T was not identified as a known species. Of note, tests with NZ1587
T that yielded variable results were b-galactosidase, N-acetyl-b-glucosaminidase, and pyroglutamic acid arylamidase activity, as well as production of acid from melezitose. NZ1587
T was distinct from the other tested streptococcal isolates, i.e. it could be distinguished from its closest relatives S. porcinus and S. pseudoporcinus by the lack of alkaline phosphatase activity and positive bmannosidase activity; b-mannosidase activity also separates NZ1587
T from S. uberis, S. parauberis but not from S. iniae. The latter can be distinguished from NZ1587
T by assaying the production of acid from glycogen, methyl-b-D-glucopyranoside and tagatose. In order to develop definitive typing methods, additional isolates of S. bovimastitidis sp. nov. will be required. Analysis of antibiotic resistance using the Vitek 2 (bioM erieux; card AST-ST01) showed that NZ1587
T was sensitive to benzylpenicillin, ampicillin, cefotaxime, ceftriaxone, levofloxacin, erythromycin, clindamycin, linezolid, vancomycin, and tetracycline.
DESCRIPTION OF STREPTOCOCCUS BOVIMASTITIDIS SP. NOV.
Streptococcus bovimastitidis (bo.vi.mas.ti¢ti.dis. L. n. bos, bovis cow; N.L. n. mastitis mastitis; N.L. gen. n. bovimastitidis of cow mastitis).
The type strain NZ1587
T was isolated from a 3-year-old Jersey cow that was housed on a farm in the region near the town of Hamilton on the North Island of New Zealand. Bacteria of this species are Gram-positive, non-motile cocci arranged in chains, approximately 0.5 µm in diameter, and are catalase and coagulase negative. Colonies on either Columbia blood agar (5 % defibrinated sheep blood) or Blood agar2 (5 % defibrinated horse blood) (Oxoid) are translucent, approximately 1 mm in diameter after 48 h growth at 37 C (5 % CO 2 ) and are g-haemolytic. Strain NZ1587 T was biochemically positive for arginine dihydrolase, b-glucosidase, a-galactosidase, b-glucuronidase, NA, not applicable, ND, not determined. *Percentage identity was determined through alignment of full-length 16S rRNA genes; the alignment length was 1530 bp. No full-length 16S rRNA sequences were detected in the genome sequences for S. hongkongensis CAIM 1895 and S. didelphis DSM 15616 T . †S. uberis CAIM 1894 is referred to as S. penaeicida in GenBank, however 16S rRNA phylogeny indicated that it belongs to the species S. hongkongensis (Fig. 1) .
‡Core genome phylogenetic analysis indicated that S. hongkongensis CAIM 1895 belongs to the species S. uberis (Fig. 2) .
de Vries et al., Int J Syst Evol Microbiol 2018;68: [21] [22] [23] [24] [25] [26] [27] b-mannosidase, acetone production (Voges-Proskauer), hippurate hydrolysis, alanyl-phenylalanyl-proline arylamidase, glycl-tryptophan arylamidase; negative for alkaline phosphatase and urease. Strain NZ1587 T was able to produce acid from ribose, mannitol, sorbitol, lactose, trehalose, raffinose, sacchrose, pullulan, maltose, melibiose, methylb-D-glucopyranoside, and tagatose, but not from L-arabinose, D-arabitol, cyclodextrin, and glycogen. No agglutination with Lancefield sera A-D and F-G was observed. The type strain is NZ1587
T has been deposited in the Culture Collection University of Gothenburg (CCUG 69277T) and the Belgian Co-ordinated Collections of Micro-organisms/ LMG (LMG 29747).
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